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Most genes in a diploid organism are thought to be expressed and regulated 
equally by the two parental alleles. However, a subset of genes referred to as 
monoallelically-expressed genes are expressed preferentially only on the maternal or 
paternal allele. Monoallelically-expressed genes include imprinted genes, which express 
either the maternal or paternal allele preferentially, as well as random monoallelic genes 
that choose to express one allele at random. Examples of in vivo random monoallelic 
genes include X-linked genes in females, immunoglobulins in B cells, clustered 
protocadherins, and olfactory receptors. However, these examples generally are thought 
to be rare in the mammalian genome and confined to a few genes that have a uniquely 
clustered organization in the genome. In this dissertation, new genome-wide analysis 
methods were developed to reveal the landscape of epigenetic allelic effects in the mouse. 
Chapter 2 details the discovery of novel, noncanonical genomic imprinting effects that 
are enriched uniquely in the brain. Chapter 3 details the development of new genomics 
and statistical methods to identify genes that express their alleles differentially in vivo 
through nongenetic mechanisms. This novel screening strategy was applied to reveal the 
landscape of epigenetic allelic effects in the mouse brain at different ages and to profile 
different tissue types. The dissertation describes the discovery of diverse forms of 
nongenetic differential allelic expression in mouse, macaque, and human brains, and 
demonstrates that these effects interact with heterozygous mutations and shape genetic 
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architecture at the allelic and cellular level in vivo. The results challenge current thinking 
in the fields of genetics and epigenetic by revealing a new landscape of epigenetic allelic 
effects in vivo, and describe new mechanisms that may shape phenotypic variation and 
susceptibility to disease. Although the functions of these allelic effects are unknown, and 
the regulatory mechanisms involved have yet to be defined, the future of the field is 
discussed. 
Keywords: Allele-specific expression, Genomic imprinting, Imprinted genes, 
Monoallelic expression, Epigenetic, Random monoallelic expression, X chromosome, X-
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In diploid organisms, genes are assumed to regulate and express maternal and 
paternal alleles equally. However, the discovery of genomic imprinting in the 1970s and 
1980s challenged this assumption and demonstrated that at least some genes express their 
maternal and paternal alleles differently because of epigenetic effects. The realization that 
this can occur transformed thinking in the genetics field at the time; however, at the time, 
very few genes were thought to be affected. Subsequently, the field has sought to 
understand allele-specific expression effects more thoroughly. This section provides an 
overview of the discovery, functions, and mechanisms of allele-specific epigenetic 
effects. 
 
1.2 Monoallelically-expressed genes  
Genes with allele-specific expression (ASE), also described as monoallelic 
expression, can be classified predominantly as two distinct groups (Chess, 2013, 2016). 
The first is deterministic and includes genomic imprinting, in which genes express one 
parental allele preferentially over the other. The second involves random monoallelic 
expression (RME), in which the maternal or paternal allele is selected for expression 
randomly. X-linked genes in females are a group of genes that has been studied well and 
shows RME attributable to random X-inactivation for dosage compensation (Nguyen & 
Disteche, 2006). However, some autosomal genes are known well to exhibit RME in 
vivo, including antigen receptors, clustered protocadherins, and olfactory receptors, and 




1.3 Genomic imprinting 
1.3.1 Parent-of-origin effects 
1.3.1.1 Parent-of-origin effects in mouse and human 
The discovery of genes with genomic imprinting arose from genetic studies of 
parent-of-origin effects on phenotypes. Johnson (1974) published the first genetic study 
of mice that suggested that parent-of-origin effects influence morphology and lethality in 
mammalian offspring. The author found that heterozygous offspring that inherit a 
maternal mutation on chromosome 17, called the hairpin-tail allele, have smaller litter 
sizes and strong morphological defects in the tail. In contrast, offspring that inherit the 
paternal mutant allele are viable and have reduced phenotypic effects. The hairpin-tail 
allele was later shown to contain an imprinted gene expressed maternally, called the 
insulin growth factor 2 receptor (Igf2r; Barlow, Stoger, Herrmann, Saito, & Schweifer, 
1991). In other studies of parent-of-origin effects that used Robertsonian translocations 
that can cause duplicated or deficient chromosomal regions, Cattanach and Kirk produced 
chromosomally-imbalanced mice that carried a pair of homologous chromosomes derived 
from only one parent to obtain uniparental disomy (Cattanach & Kirk, 1985). They found 
that the mice with uniparental disomy of chromosomes 1, 3, 4, 5, 9, 13, 14, or 15 
survived, while maternal disomy on chromosome 6 was lethal, as were regions of 
chromosomes 2, 8, and 17 with maternal disomy. At approximately the same time, Searle 
and Beechey performed reciprocal translocations to produce mice with uniparental 
disomy, and their findings were consistent with those of Cattanach and Kirk (Searle & 
Beechey, 1978). Those studies identified several subchromosomal regions that require 
both maternal and paternal inheritance for normal embryonic development, and provided 
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important support for subsequent studies of the maternal and paternal complements of the 
genome using pronuclear transplantation, as detailed below. 
The first human study to report parent-of-origin effects examined a pedigree with 
familial Beckwith-Wiedemann Syndrome (BWS). Lubinsky and colleagues found that 
offspring affected with BWS were born only to female and not male carriers (Lubinsky, 
Herrmann, Kosseff, & Opitz, 1974). Therefore, they postulated that the inheritance must 
involve unique factors mediated by the ovum but not the sperm. We now know that a 
subset of BWS is caused by mutations or epigenetic dysregulations of the cyclin-
dependent kinase inhibitor 1C (CDKN1C) gene, a cell cycle regulator imprinted 
maternally (Maher & Reik, 2000).  
Studies of uniparental disomy in humans provided further evidence of parent-of-
origin effects. A disorder caused by uniparental disomy was first identified when a 
female child was diagnosed with cystic fibrosis and short stature attributable to a 
duplication of maternal chromosome 7 that lacked the paternal copy (Spence et al., 1988). 
These symptoms of short stature and body asymmetry are now referred to as Silver–
Russell syndrome, which is a genetic disorder caused by mutations that affect the 
H19/IGF2 imprinted gene locus. Overall, these early studies of parent-of-origin effects in 
mice and humans laid the foundations for the discovery of genomic imprinting. 
 
1.3.1.2 Pronuclear transplantation 
Scholars agree that the decisive experiments that proved the existence of genomic 
imprinting were those Solter and Surani (McGrath & Solter, 1983; Surani & Barton, 
1983) performed on pronuclear transplantation. This technique is based on the fusion of a 
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pronucleus with enucleated cytoplasts from a newly-fertilized egg. For example, a newly-
fertilized egg is removed and the paternal pronucleus is replaced with a maternal 
pronucleus to generate a bimaternal diploid embryo (Gynogenote). Similarly, the 
maternal pronucleus could be replaced with another paternal pronucleus to engineer an 
embryo with two paternal genomes (Androgenote). The results of these engineering 
experiments showed that both gynogenetic and androgenetic embryos failed to survive, 
while those engineered with one maternal and one paternal pronucleus were viable 
(McGrath & Solter, 1984; Surani, Barton, & Norris, 1984).  
Remarkably, gynogenetic and androgenetic embryos exhibited recipocal 
phenotypes of developmental failure: defects in extraembryonic tissues caused the death 
of androgenetic embryos, while the death of gynogenetic embryos was attributable to the 
failed development of embryonic tissue (McGrath & Solter, 1984; Surani et al., 1984). 
These results suggested that the maternal genome is necessary for the growth of the 
embryonic lineage, while the paternal genome plays an essential role in extraembryonic 
development. 
To study later stages of development, subsequence studies engineered chimeric 
mice by mixing gynogenetic or androgenetic cells with normal cells. These chimeric 
embryos survived longer, but exhibited unique phenotypes. The studies showed that 
gynogenetic cells contributed preferentially to primitive ectoderm lineages (including 
yolk sac mesoderm), while the androgenetic component was restricted to trophoblast and 
primitive endoderm lineages (Barton, Ferguson-Smith, Fundele, & Surani, 1991; Fundele 
et al., 1990). These pronuclear transplantation studies provided strong evidence of 





1.3.2 Identification of imprinted genes  
The first three imprinted genes in mice were described in 1991 by different 
research groups. Barlow et al. demonstrated that the Igf2r gene expresses the maternal 
copy alone, and causes the maternally-derived phenotype in the Hairpin-tail mouse 
(Barlow et al., 1991). A few months later, DeChiara, Robertson, and Efstratiadis 
(DeChiara, Robertson, & Efstratiadis, 1991) identified insulin growth factor 2 (Igf2) on 
chromosome 7, and showed that Igf2 expresses only the paternal allele and represses the 
expression of the maternal allele. Ferguson-Smith, Cattanach, Barton, Beechey, and 
Surani (Ferguson-Smith, Cattanach, Barton, Beechey, & Surani, 1991) also showed that 
Igf2 expression is repressed in embryos with maternal uniparental duplication and 
deficiency of the paternal chromosome harboring this gene, revealing preferential 
expression of the paternal allele. Bartolomei, Zemel, and Tilghman (Bartolomei, Zemel, 
& Tilghman, 1991) mapped the third gene, H19, to distal chromosome 7 and showed that 
it was an imprinted gene expressed maternally. Diverse methods were used to identify the 
first three imprinted genes. Positional cloning was used to map Igf2r in the Hairpin-tail 
deletion in chromosome 17. For Igf2, the physiological function and expression pattern 
was tested by gene knockout technology combined with in-situ hybridization, and H19 
was identified by the RNase protection assay in hybrid mice tissues derived from 
reciprocal crosses of different strains. 
The discovery that H19 on chromosome 7 is spatially close to Igf2 led to a 
hypodissertation that imprinted genes could be clustered together, and indeed, many more 
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imprinted gene loci were found subsequently. For example, Igf2r/Airn cluster (Wutz et al., 
1997), Nespas/Gnas cluster (Peters et al., 1999), Snrpn/Ube3a cluster (Buiting et al., 
1995), and so on, were identified during the 10 years after the first imprinted genes were 
discovered, and to date, at least 150 imprinted genes and ~15 imprinted clusters have 
been identified in the mouse genome (http://www.geneimprint.com/). The clustering of 
imprinted genes suggests that the mechanisms of imprinting control could work in a cis-
acting manner. The regulatory mechanisms of genomic imprinting are reviewed below. 
 
1.3.3 Mechanisms of genomic imprinting 
1.3.3.1 Nongenetic regulatory mechanism and CG repeat 
The initial observation that more than 80% of imprinted genes are located in gene 
clusters (Wan & Bartolomei, 2008), and not scattered in the genome, suggested that the 
mechanisms of genomic imprinting could be cis-acting, and involve regulatory elements 
that control gene expression uniquely on one chromosome (Reik & Walter, 2001). The 
DNA sequence of homologous chromosomes typically is identical except for some 
random polymorphic sites that differ among individuals. This indicates that the main 
factors that control genomic imprinting are epigenetic processes that mark the DNA 
sequence to activate or repress one chromosome relative to another, rather than because 
of the alteration of the DNA sequence between two chromosomes. Subsequent studies 
were designed to identify the shared sequence in known imprinted clusters to predict the 
presence of imprinted loci/genes (Luedi, Hartemink, & Jirtle, 2005). The predictive 
shared sequence accelerates the finding that regulatory elements underlie genomic 
imprinting. The CG-rich repeat was found to be enriched in several imprinted clusters 
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(Hutter, Helms, & Paulsen, 2006; Paulsen et al., 2000), and the repeats correspond to the 
regions subject to mono-parental methylation (Smilinich et al., 1999). 
 
1.3.3.2 DNA methylation 
DNA methylation is an epigenetic modification in which a methyl group is added 
to a cytosine or adenine/adenosine base (Chen, Zhao, & He, 2016; Ratel, Ravanat, Berger, 
& Wion, 2006). The CpG island is the region enriched for repeat CpG dinucleotides, and 
plays a major role in establishing DNA methylation (Bird, 1986). Methylation of cytosine 
(C) in the CpG island is associated typically with transcriptional repression, especially in 
the promoter region of a gene, while demethylation is associated with activation of gene 
expression. 60-80% of DNA methylation in vertebrates is located in a CpG context in 
somatic cells (Meehan, Lewis, McKay, Kleiner, & Bird, 1989), and dysregulation of 
DNA methylation has been implicated in various human disorders (Bergman & Cedar, 
2013). The brain has higher levels of methylated cytosines compared to other organs, 
especially in repetitive sequences, and long-term memory consolidation may be 
influenced by DNA methylation (J. J. Day & Sweatt, 2010; Miller & Sweatt, 2007). The 
common feature in imprinted clusters is that each contains at least one differential 
methylation region (DMR), which is a genomic region in which the maternal and paternal 
alleles are methylated differentially (Barlow & Bartolomei, 2014). 
 The mechanisms that mark two parental chromosomes differentially are predicted 
to involve particular features (Ferguson-Smith, 2011). First, the individual parental 
chromosomes should be modified before fertilization, when they are not in the same 
nucleus. Second, the modification must influence gene transcription. Third, it must be 
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maintained and inherited during DNA replication after fertilization. Finally, the 
modification must be reversible and erasable in the germline when the establishment of a 
new marker is needed according to the sex of the offspring. It was postulated that DNA 
methylation is the optimal epigenetic modification that fulfills all four features. 
When is DNA methylation of imprints established? During mouse development, 
the imprinting life cycle has three phases: erasure, establishment, and maintenance. 
Erasure of imprinting begins when primordial germ cells (PGCs), the common origin of 
the germline, migrate to the genital ridge. The first wave of global demethylation is 
observed in PGCs between E7.25 to E9.5; however, the methylation of imprinting control 
regions is maintained during this phase (McLaren, 2003; Seisenberger et al., 2012). 
Instead, imprinting control regions are demethylated during a subsequent event between 
E10.5 to E13.5, when PGCs enter the genital ridge. At this time, imprinted genes are 
expressed or silenced biallelically (Seisenberger et al., 2012). The erasure of DNA 
methylation is thought to be accomplished by two broad mechanisms: passive and active 
demethylation, although the details are not yet understood fully. Passive demethylation 
occurs in the absence of methylation of newly-synthesized DNA strands by inactivating 
the methylation machinery during DNA replication. The active removal of DNA 
methylation take places via direct conversion of a 5-methylcytosine to cytosine. One of 
the major enzymes that has active DNA demethylation capability is the ten-eleven 
translocation 1 (TET) enzyme. TET1 can catalyze oxidation of 5-methylcytosine to 
produce 5- hydroxymethylcytosine (5hmC), which is thought to be the first step in DNA 
demethylation. Thereafter, TET enzymes oxidize 5hmC further to 5-formylcytosine and 
5-carboxylcytosine, which are the intermediates in the process of converting 5hmC back 
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to cytosine. The work by Yamaguchi, Shen, Liu, Sendler,and Zhang (Yamaguchi, Shen, 
Liu, Sendler, & Zhang, 2013) recent work on Tet1-deficient mice indicated that the TET1 
enzyme is important in the demethylation of imprinted DMRs. Tet1-deficient males 
showed aberrant methylation patterns at imprinted loci in PGCs and sperm cells, and the 
offspring produced by Tet1-deficient male mice crossed with wild-type females exhibited 
a number of phenotypes associated with abnormal imprinting erasure that indicated 
strikingly that Tet1 may mediate parental imprinting erasure during PGCs’ development. 
The erasure of methylation marks occurs between E6.5 and E9.5, before PGCs 
initiate differentiation.  While differentiation occurs, the new imprint can be acquired in a 
sex-specific manner in the germline. Interestingly, the establishment of new paternal and 
maternal imprints in germ cells occurs at different times (Davis, Trasler, Moss, Yang, & 
Bartolomei, 1999; J. Y. Li, Lees-Murdock, Xu, & Walsh, 2004). De novo DNA 
methylation in female germ cells occurs in the mature oocytes postnatally when the 
growing oocytes enter a transcriptionally silent stage. In contrast, paternal imprints take 
place prenatally during mitotic arrest of spermatogonia precursor cells (Smallwood & 
Kelsey, 2012). The DNA methyltransferase 3 (DNMT3) family regulates de novo 
methylation (Kaneda et al., 2004). The de novo methyltransferase gene Dnmt3a is 
required to establish imprints in both male and female germ line cells. In addition, 
Dnmt3l is a modulator that has no methyltransferase activity, but has been shown to 
cooperate with Dnmt3a and Dnmt3b to establish imprints in mouse oocytes (Bourc'his, 
Xu, Lin, Bollman, & Bestor, 2001; Jia, Jurkowska, Zhang, Jeltsch, & Cheng, 2007; 
Suetake, Shinozaki, Miyagawa, Takeshima, & Tajima, 2004). DNMT3A and DNMT3B 
function in a complex with DNMT3L that works with histone deacetylase and 
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methyltransferases for histone 3 lysine 9 (H3K9), while DNMT3L recognizes 
nucleosomes that lack histone 3 lysine 4 (H3K4) methylation selectively (Ooi et al., 
2007). 
The final phase of the imprinting life cycle is maintenance. DNA methylation at 
imprinting control regions must be maintained following cellular mitosis. DNA 
methyltransferase 1 (Dnmt1) has been found to have a high affinity for nonmethylated 
CpG islands in a biochemical assay (Hermann, Goyal, & Jeltsch, 2004; Yoder, Soman, 
Verdine, & Bestor, 1997). It recognizes unmethylated CpGs on one of two strands, which 
is also described as hemimethylated DNA. To achieve maintenance of DNA methylation, 
DNMT1 restores to symmetric methylation the progeny DNA strand from a state that 
contains one methylated parental stand and one newly-replicated strand caused by 
semiconservative DNA replication (Vilkaitis, Suetake, Klimasauskas, & Tajima, 2005). 
Indeed, Li, Beard, and Jaenisch’s (E. Li, Beard, & Jaenisch, 1993) seminal study on 
Dnmt1-deleted mouse proved that Dnmt1 is required for genomic imprinting. Another 
important maintenance of imprints is mediated during the early embryonic stage. A 
second wave of genome-wide demethylation occurs during early embryogenesis, by 
which unnecessary germ-line specific methylation is removed, while marks associated 
with imprinted genes are preserved, enabling parent-of-origin effects in later tissues. 
Several factors have been proposed to be involved in the protection of imprinting from 
demethylation in the early embryo. Zfp57 null mice showed derepression of the imprinted 
allele in the imprinted clusters and embryonic lethality (X. Li et al., 2008). Maternal 
deletion of Trim28 also leads to embryonic lethality attributable to misregulation of 
genomic imprinting (Messerschmidt et al., 2012). Interestingly, Quenneville and 
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colleagues’ (Quenneville et al., 2011) study showed that ZFP57 that binds with TRIM28, 
a component of a multifunctional repressor complex consisting of H3K9 (H3K9me3)-
catalyzing histone methyltransferase SETDB1, the heterochromatin protein 1 (HP1), 
DNMT1, DNMT3A, and DNMT3B, is detected at the imprinted allele in DMRs in 
embryos. 
 
1.3.3.3 Histone modifications 
Covalent posttranslational modifications to histone proteins, which include 
methylation, phosphorylation, acetylation, and ubiquitylation, function to influence the 
overall structure of chromatin and the binding of effector molecules to modulate gene 
expression. The combinatorial nature of histone modifications has been proposed to 
modulate the transcription of genetic information (Jenuwein & Allis, 2001). Allfrey, 
Faulkner, and Mirsky (Allfrey, Faulkner, & Mirsky, 1964) first identified histone 
modification in 1964; however, the entire landscape of modification remains elusive. 
Acetylation and methylation of lysine are two modifications that have been studied well, 
and the enzymes that add or remove these two markers on the histone have been 
identified. For lysine acetylation, histone acetyltransferases (HATs) transfer an acetyl 
group to lysine, while histone deacetylases (HDACs) reverse lysine acetylation. Histone 
lysine methyltransferase (HKMT) deposits methyl groups on lysine, and SUV39H1, 
which regulates di/trimethylation of H3K9, was the first enzyme found to mediate this 
process (Rea et al., 2000). Subsequent studies (Cao et al., 2002; L. Wang et al., 2004) 
showed that the polycomb repressive complex 2 (PRC2) mainly ensures di/trimethylation 
of H3K27. Histone methylation previously was considered stable and static, but several 
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lysine demethylases were characterized following the first lysine demethylase LSD1 
identified (Shi et al., 2004). Generally, regions of acetylated histones are associated 
consistently with gene activity, while the functions of histone methylation are more site-
specific. For example, H3K4, H3K36, and H3K79 methylation are found on activated 
genes, while H3K9 or H3K27 methylation is associated with repressed genes (Jenuwein 
& Allis, 2001; Sims, Nishioka, & Reinberg, 2003). 
Because of their roles in the stable repression of gene expression, H3K27 and 
H3K9 are good candidates for roles in repression of the silent allele for imprinted genes; 
on the other hand, H3K4 or H3K79 may mark on the expressed allele. Xin Allis, and 
Wagstaff (Xin, Allis, & Wagstaff, 2001) observed that H3K9 is methylated on the silent 
maternal copy of the SNRPN/UBE3A imprinted locus, while H3K4 is methylated on the 
expressed paternal copy. Other imprinted regions also have been found to follow a 
similar pattern of allele-specific histone modifications (Fournier et al., 2002). In hybrid 
mice crosses of two different strains, diverse histone modifications have been examined 
in an allele-specific manner, and have revealed a reciprocal pattern of activation and 
repression of allele-specific histone marks at imprinting control regions methylated 
differentially. 
Genetic studies of mice also have provided evidence that indicates that histone 
modifications play a role in genomic imprinting. Magnuson, Montgomery, de Villena, 
and Magnuson (Mager, Montgomery, de Villena, & Magnuson, 2003) examined the 
imprinting pattern in embryos with a deficient embryonic ectoderm development (Eed) 
gene, a main component in PRC2, and found that a subset of imprinted genes, 
particularly Ascl2, Grb10, Cdkn1c, and Gtl2, turned to biallelical expression in mutant 
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embryos. H3K9 methylase G9a is also implicated in the regulation of imprinted genes. 
Genetic ablation of G9a in the placenta shifted a maternal imprinted gene, Slc22a3, to a 
biallelic expression (Nagano et al., 2008), and mouse embryonic stem cells lacking G9a 
exhibited loss of DNA methylation in DMRs of several imprinted genes (T. Zhang et al., 
2016). Kim and colleagues’ (Y. Kim et al., 2017) recent study showed that chemical 
interference with G9a can activate the silent copy of certain imprinted genes and improves 
survival and growth in a mouse model of Prader–Willi syndrome, a disorder caused by deletion 
of the paternal copies of the SNRPN/UBE3A imprinted cluster. 
Histone modifications in various genomic elements have been shown to be 
associated with gene activity and repression, which indicates a functional relation 
between DNA methylation and histone modifications. As mentioned above, DNMT3L, a 
factor required to reestablish genomic imprinting in germ cells, recognizes nucleosomes 
that lack H3K4 methylation selectively (Ooi et al., 2007). Ciccone (Ciccone et al., 2009) 
demonstrated that females deficient in KDM1B, a H3K4 demethylase enzyme, exhibited 
increased H3K4 methylation and unmethylated DMRs in four imprinted regions in the 
Kdm1b null oocyte. A subsequent study (Guo et al., 2015) proposed a biochemical 
mechanism in which the unmethylated histone H3K4 tail is able to stimulate the 
enzymatic activity of DNMT3A through a conformational change of DNMT3A from an 
autoinhibited to an active form. 
 
1.3.3.3 Noncoding RNA (ncRNA) 
Advancement in next-generation sequencing technologies has allowed large-scale 
RNA profiling and revealed that >75% of the human genome is a highly complex 
  
15  
network of messenger RNA (mRNA) and ncRNA (Djebali et al., 2012). Long noncoding 
RNAs (lncRNAs), usually longer than 200 nucleotides and with no apparent protein-
coding role, are found in each branch of life, and have been implicated in highly- 
specialized regulatory functions (Rinn & Chang, 2012). lncRNAs are diverse and 
numerous; according to a recent review (H. Wu, Yang, & Chen, 2017), at least nine 
categories of lncRNAs have been characterized in the eukaryotic transcription system, 
and the number of lncRNAs exceeds the number of protein-coding genes. 
Several functions of lncRNAs have been proposed in recent years; however, 
lncRNAs’ role in the regulation of genomic imprinting was demonstrated a relatively 
long time ago. One example that showed the lncRNA-mediated imprinting model is the 
Igf2r cluster (Figure 1.1), in which lncRNA is expressed paternally, and Airn, which is 
antisense to Igf2r in the gene cluster (Sleutels, Zwart, & Barlow, 2002; Wutz et al., 
1997). The Igf2r imprinted gene cluster contains several protein-coding genes (Igf2r, 
Slc22a2, Slc22a3) expressed maternally, and the single DMR corresponding to the 
maternal imprinting control region in this cluster is located between exons 2 and 3 of the 
Igf2r gene (Stoger et al., 1993). The Airn promoter is located within the imprinting 
control regions that are subject to differential methylation, and is hypermethylated on the 
maternal allele. By interacting with repressive histone modifications, the 
hypermethylated promoter interferes with the transcription of Airn on the maternal allele, 
while on the other hand, binding the paternal unmethylated region with the CCCTC-
binding factor (CTCF) insulator results in the expression of Airn on the paternal allele. 
Thus, the Airn expressed paternally represses Igf2r expression on the paternal allele by 
transcriptional interference. Truncation of the Airn transcript generated by insertion of a 
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polyadenylation site results in the biallelic expression of Igf2r (Sleutels et al., 2002), 
indicating that full-length Airn transcriptional interference is required to silence the 
paternal Ig2r allele for genomic imprinting. Here, Airn in the Igf2r cluster exemplifies the 
model of lncRNA-mediated imprinting; other imprinted loci mediated by lncRNAs 
include the Kcnq1 locus, Gnas–Nespas gene cluster, and Igf2/H19 locus (Santoro & 
Barlow, 2011). 
 
1.3.3.4 Insulator  
 Insulators are DNA-binding proteins that hamper the interaction between 
enhancers and promoters. The CCCTC-binding factor (CTCF), also known as the 11-zinc 
finger protein, is an essential insulator of interactions between regulatory elements. 
CTCF was characterized initially as a negative regulator in the chicken CMYC gene, and 
its name reflects the finding that it binds the CTC-rich sequence of the CMYC gene 
(Filippova et al., 1996; Lobanenkov, Nicolas, Plumb, Wright, & Goodwin, 1986). 
However, subsequent studies have revealed that the CCCTC motif alone is neither 
necessary nor sufficient for CTCF protein binding to DNA (Chernukhin et al., 2000). 
Using genome-wide mapping, several studies have shown the widespread occupancy of 
CTCF in the genome. For example, Wang et al. found that CTCF binds to an average of 
approximately 55,000 DNA sites from 19 diverse cell types in vitro, while in an in vivo 
study, Prickett et al. (Prickett et al., 2013) also identified ~50000 CTCF-bound sites, 
which is consistent with the hypodissertation that CTCF plays a role in whole-genome 
chromatin organization.  
The mechanisms involved in CTCF’s regulation of gene transcription also have 
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been explored. By binding specific DNA sequences, CTCF can block promoter-enhancer 
interactions to repress gene expression (Hark et al., 2000). CTCF binds to DNA in a 
methylation-sensitive manner, which makes it suited well to respond to DMRs and 
regulate imprinting (Hark et al., 2000). In addition, CTCF is able to bind to itself to form 
homodimers that mediate the formation of DNA loops, and plays a role in the regulation 
of nuclear architecture to induce chromosomal loops that regulate gene expression over 
long distances in the genome (Splinter et al., 2006). Cohesin, a multisubunit protein 
complex comprised of four subunits, interacts with CTCF throughout the genome and is 
essential to establish DNA loops and insulation (B. K. Lee & Iyer, 2012). The 
CTCF/cohesin complex has been shown to mediate genomic imprinting in a subset of 
imprinted clusters (Franco, Prickett, & Oakey, 2014). 
Here, the Igf2/H19 imprinted cluster is used as an example to illustrate the way in 
which CTCF and chromosomal looping contribute to imprinting (Figure 1.2). In the 
Igf2/H19 imprinted cluster, the protein-coding gene, Igf2, is expressed from the paternal 
allele and H19 is expressed from the maternal allele. This reciprocal expression pattern 
depends on one DMR corresponding to a paternally-imprinted control region, which is 
located in the intergenic region between Igf2 and H19. The CTCF/cohesin complex is 
able to bind to the unmethylated maternal allele, while its binding is blocked on the 
methylated paternal allele because of the methylation-sensitive feature (Pant et al., 2004). 
Igf2 and a downstream noncoding RNA gene, H19, share multiple enhancers that are 
located close to the 3’ end of H19. Chromatin conformation capture showed long-range 
interactions between enhancers and the promoter of the Igf2 gene for the paternal allele, 
which contains the methylated DMR that inhibits the occupancy of CTCF (Kurukuti et 
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al., 2006; Murrell, Heeson, & Reik, 2004; Yoon et al., 2007). In contrast, the 
unmethylated maternal allele can bind with the CTCF/Cohesin complex, which forms a 
chromatin loop to hinder the enhancer interaction with Igf2 spatially, and leads to 
redirection of the enhancer to the H19 promoter. Thus, Igf2 and H19 compete for access 
to the same upstream enhancers, and CTCF that binds to one allele in the differentially-
methylated imprinting control region regulates the formation of distinct chromatin loops 
on each allele. 
 
1.3.4 Biological significance of genomic imprinting 
After the first imprinted gene was identified, studies that sought to identify the 
functions of imprinted genes increased rapidly. The next section presents an overview of 
three aspects of the biological significance of genomic imprinting: evolutionary origin, 
human imprinting disorders, and imprinted gene functions in the brain. 
 
1.3.4.1 Evolutionary origin of genomic imprinting 
Several theories have been proposed that attempt to address fitness advantages 
associated with genomic imprinting that explain the way in which it evolved. Largely, 
these theories postulate that the cooperation or conflict between two parental alleles 
expressed differentially is the core feature that leads to selection for genomic imprinting. 
The kinship and coadaptation theories are the leading theories. The kinship theory is a kin 
selection model Haig and Westoby (1989) proposed based on Trivers’ concept that parent 
investment is “…any investment by the parent in an individual offspring that increases 
the offspring’s chances of surviving at the cost of the parent’s ability to invest in other 
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offspring” (Haig, 2014). In promiscuous mating systems, an individual father frequently 
is related only to a subset of the offspring, while the mother nurtures all of the offspring 
equally. This difference results in contrasting evolutionary interests on the part of the 
parental genome, such that, for the father to achieve optimal fitness, it is evolutionarily 
advantageous for the paternal genes to increase the demand to acquire maximum 
maternal resources that are invested in the fetus or infant so that the offspring has a 
greater likelihood of future survival. On the other hand, it is evolutionarily advantageous 
for maternal genes to reduce the demand for maternal energy, conserve it for future 
pregnancies, and distribute their resources equally to all progeny. Hence, the kinship 
theory predicts that the function of genes expressed paternally is to increase offspring 
demand for maternal resources to enhance fetal growth, while those expressed maternally 
decrease demand to suppress growth (Haig & Graham, 1991; Wilkins & Haig, 2003). 
Some experimental findings support this theory; for example, Igf2, which is expressed 
paternally, is a growth factor that increases offspring size, but the Igf2r, expressed 
maternally, is a growth suppressor that reduces offspring size.  
On the other hand, the coadaptation theory postulates that imprinted genes 
provide phenotypic compatibility between mother and offspring to optimize fetal 
development (Wolf & Hager, 2006). This theory predicts that the genetic interaction 
between offspring and mother increases fitness when the offspring’s genome expresses 
only a maternal allele. In contrast, the maternal allele tends to be silenced, while the 
paternal allele is expressed if a fitness interaction is achieved best by mismatched 
coexpression. Some evidence supports this theory, such as Grb10, which is expressed 
maternally (Cowley et al., 2014), or Peg3, a gene that is expressed paternally (Curley, 
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Barton, Surani, & Keverne, 2004). 
 The interaction between mother and offspring as an evolutionary battleground 
(kinship theory) or as a coordinated effort with a common goal (coadaptation theory) is 
still debated; however, they are not necessarily exclusive. Haig (2014) attempted to 
reconcile the two theories, and stated, “cooperation and conflict are two sides of one 
coin.” However, both the kinship and coadaptation theories have been challenged by 
some contradictory examples. Other evolutionary hypotheses about genomic imprinting 
have been proposed, for example, the sexual antagonism theory (T. Day & Bonduriansky, 
2004) or the nonconflict theory (Spencer & Clark, 2014). However, their ability to 
explain actual imprinted genes has yet to be tested. 
 
1.3.4.2 Human imprinting disorders 
The first imprinting genetic disorder described in humans is Prader-Willi 
Syndrome (PWS), which is characterized by early childhood obesity, poor growth and 
physical development, cognitive impairment, and behavioral problems (Nicholls, Knoll, 
Butler, Karam, & Lalande, 1989). In fact, PWS generally has two phases in clinical 
development. In infants, PWS is characterized by poor muscle tone, and diminished 
swallowing and suckling. After the age of two, the features of PWS are insatiable appetite 
and food-seeking behavior, developmental delay, and psychomotor retardation. 
Angelman syndrome (AS), which exhibits different clinical symptoms, and is 
characterized by speech impairment, abnormal happiness with unprovoked laughter, 
severe motor and neurologic deficits, epilepsy, and seizures, is thought to be PWS’s sister 
disorder because both disorders result from the deletion or mutation of the paternal or 
  
21  
maternal contribution to the same region of chromosome 15q11-13 (Cassidy, Dykens, & 
Williams, 2000). The 15q11-13 imprinted cluster includes a protein coding gene, UBE3A, 
expressed maternally, and several noncoding RNAs expressed paternally. PWS is caused 
by the loss of paternal expression of the 15q11-13 region, which includes a cluster of 
small nucleolar RNAs, while AS results from the loss of UBE3A in the 15q11-13 region. 
To date, at least 12 human imprinting disorders have been identified at diverse 
imprinted loci in chromosome 2, 6, 7, 8, 9, 14, 15, and 20 (Peters, 2014; Soellner et al., 
2017). The common clinical manifestations of these imprinting disorders include: (1) 
abnormal pre/postnatal growth, (2) dysregulation of blood sugar, (3) aberrant food-
seeking behavior, (4) mental retardation with behavior problems, and (5) precocious 
puberty (Soellner et al., 2017). However, these shared clinical features make it difficult to 
distinguish between the different disorders to reach an accurate diagnosis. In addition, 
conducting molecular testing for an imprinting disorder is challenging. Several 
genetic/epigenetic factors have been found to cause imprinting disturbances, such as copy 
number variation, uniparental disomy, aberrant methylation pattern, and point mutation in 
imprinted genes, and increasing evidence indicates that genetic/epigenetic changes could 
occur in multiple imprinted loci, which confounds the identification of imprinting 
disorders (Sanchez-Delgado et al., 2016). Further, the mosaicism of imprinting 
disturbances in different tissues hampers accurate diagnosis. Thus, the development of a 
comprehensive and precise diagnostic assay for imprinting disorders is still needed.  
Early experiments that involved the generation of mouse chimeras by mixing 
parthenogenetic cells (PC) or androgenetic cells (AC) with normal cells suggested that 
imprinted genes may play important roles in the brain (Allen et al., 1995). The authors 
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discovered that chimeras with PCs had relatively larger brains, especially forebrains, and 
smaller bodies compared to a control group; in contrast, chimeras with ACs had the 
opposite phenotype, with smaller brains and larger bodies. These results suggested that 
genes expressed maternally and paternally contribute differently to the development of 
neural versus nonneural tissues in offspring. The experiments were designed such that the 
contribution of uniparental cells to particular tissues in the chimeras could be tracked 
from the expression of the bacterial reporter gene lacZ. Thus, the location of the ACs and 
PCs could be visualized in the brain for detailed observation. It was found that PCs 
localize preferentially in the neocortex, striatum, and hippocampus, but not the 
hypothalamus. In contrast, ACs contributed primarily to hypothalamic regions and 
preoptic areas, but not cortical areas (Barton et al., 1991; Fundele et al., 1990). These 
results indicated that imprinted genes expressed maternally and paternally may have 
differential functions in brain development, such that those expressed maternally may be 
required for the development of the neocortex, while those expressed paternally are 
associated with the development of hypothalamic areas. Subsequently, other studies have 
found that imprinted genes play diverse roles in brain development, including neuronal 
survival/apoptosis, neural differentiation, neurogenesis, neuronal migration, and axon 
outgrowth (Perez, Rubinstein, & Dulac, 2016).  
In addition to neurodevelopment, imprinted genes have great significance in brain 
functions. Abnormal feeding behaviors are a common phenotype associated with 
imprinted gene mutations (Soellner et al., 2017). Indeed, imprinted genes regulate not 
only adult, but neonatal feeding as well. For example, deletion of Peg3 reduces suckling 
and results in perinatal death (Curley et al., 2004), and mouse pups with paternal deletion 
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of G-protein α-subunit (Gnas) largely die before weaning because of impaired suckling 
(Plagge et al., 2004). Interestingly, Gnas is expressed in the motor areas that coordinate 
the muscles of the jaw and tongue in suckling behavior (Krechowec et al., 2012; Plagge 
et al., 2004). A study in humans found similar results, in that children with a paternal 
mutation in GNAS exhibited retarded growth and severe feeding problems (Bastepe, 
2012). Magel2, a gene expressed paternally, and associated with PWS, plays an important 
role in infant feeding in the mouse. Magel2-deficient infants fail to attach to the nipple 
and suckle, which causes early death. When poor suckling was found to be attributable to 
the loss of Magel2, a single injection of oxytocin could correct the phenotype of mutant 
pups (Schaller et al., 2010). In addition, the maternally-biased Asb4 gene is down-
regulated during fasting periods in pro-opiomelanocortin (POMC) neurons, a group that 
is located in the arcuate nucleus of the hypothalamus, and regulates appetite and feeding 
control, and increased expression with administration of leptin, but not insulin (J. Y. Li, 
Chai, Zhang, Wang, & Mulholland, 2010; J. Y. Li et al., 2005). Conditional 
overexpression of Asb4 in POMC neurons leads to increased food intake and energy 
expenditure, as well as reduced body weight (J. Y. Li et al., 2010). 
 
1.3.5 Parental bias of allele expression and tissue-specific imprinting 
Original studies defined genomic imprinting as complete silencing of one allele 
and monoallelic expression of the other. However, subsequent work has shown that 
absolute monoallelic expression is not the only form of genomic imprinting. The first 
imprinted gene found to have a parental allelic bias rather than monoallelic expression 
was Ube3a, an imprinted gene associated with AS. Albrecht et al. (Albrecht et al., 1997) 
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found that Ube3a was imprinted only in the brain and expressed the maternal allele over 
the paternal allele preferentially. Two months later, Phlda2 was reported to demonstrate a 
maternal bias in expression in several human and mouse tissues (Qian et al., 1997).  
In addition to maternal bias in allele expression, studies of Ube3a have 
demonstrated brain- and neuron-specific imprinting, which raises the question: Do 
parentally-biased imprinted genes express monoallelically in a tissue-specific manner or 
are they conserved across several tissues? Tissue-specific imprinting has been found in 
several imprinted genes. For example, Dechiara et al. (DeChiara et al., 1991) found that 
Igf2 exhibits biallelic expression specifically in the leptomeninges and choroid plexus of 
the mouse brain. The mouse Grb10 gene is expressed preferentially by the maternal allele 
in most tissues, while the paternal allele is expressed in the brain. Grb10’s tissue-specific 
imprinting is based on tissue-specific promoters (Arnaud et al., 2003; Hikichi, Kohda, 
Kaneko-Ishino, & Ishino, 2003). Imprinted genes, such as Delta Like Non-Canonical 
Notch Ligand 1 (Dlk1), exhibit selective loss of imprinting in the neurogenic niche 
astrocyte and neural stem cells in vivo (Ferron et al., 2011). In addition, next-generation 
sequencing, such as RNA sequencing, provides sensitive measures of expression to detect 
the genome-wide repertoire of parental allele bias. For example, one systematic 
characterization revealed that 28% of 82 imprinted genes for which expression of the 
parental alleles has been analyzed exhibited tissue-specific imprinting in at least two 
tissues (Prickett & Oakey, 2012). Brain is the adult tissue that exhibits the largest 
proportion of tissue-specific imprinting genes. More large-scale comprehensive 




1.4 Random monoallelic expression (RME) 
1.4.1 X chromosome in female 
In addition to genomic imprinting, another major class of monoallelic expression 
is RME. RME leads to mosaicism of allelic expression in the organism, such that 
different cells express different alleles. The case of RME studied most is random 
X-chromosome inactivation (XCI), which silences one X chromosome in female cells 
randomly during development. 
 
1.4.1.1 Random X-inactivation 
Barr and Bertram (1949) reported the first evidence of XCI when they found that 
the sex of cat cells could be distinguished by a dense and small structure in the cell 
nuclei, referred to now as the “Barr body.” A subsequent study by Ohno Kaplan, and 
Kinosita (Ohno, Kaplan, & Kinosita, 1959) indicated that the Barr body is a condensed X 
chromosome, and thereafter, Lyon (1961) proposed that the condensed X chromosome 
results from silencing one of the two X chromosomes, at random, during early 
development. We know now that two waves of XCI in mice occur during development 
(Augui, Nora, & Heard, 2011). The first takes place between the four to eight cell stage 
and results in imprinted paternal XCI (Adler, West, & Chapman, 1977; Kratzer & 
Gartler, 1978; Okamoto, Otte, Allis, Reinberg, & Heard, 2004). The silenced paternal X 
chromosome is reactivated at the blastocyst stage and then random XCI occurs (Okamoto 
et al., 2004). While the choice is made, the inactive state is preserved throughout cell 
mitosis. 
During the past 20 years of XCI research, the region that regulates XCI, referred 
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to as X-inactivation center (Xic) (Rastan & Brown, 1990), has been identified and 
controls its major steps (Figure 1.3). The key component of the Xic is an lncRNA 
referred to as X-inactivation specific transcript (Xist), which produces a 17–20 kb RNA 
that decorates the X chromosome to trigger cis-inactivation during XCI (Brown et al., 
1992). Xist has been found to be expressed only by the inactivated chromosome (Brown 
et al., 1991), and a deletion of Xist demonstrated that it is required for random and 
imprinted XCI (Marahrens, Panning, Dausman, Strauss, & Jaenisch, 1997; Penny, Kay, 
Sheardown, Rastan, & Brockdorff, 1996). Some factors that coordinate with Xist for XCI 
also have been identified. Tsix, an antisense repressor of Xist, was identified (J. T. Lee, 
Davidow, & Warshawsky, 1999), and is a lncRNA that represses Xist and coordinates X 
chromosome pairing to generate the epigenetic asymmetry required for random X 
inactivation (J. T. Lee & Lu, 1999). On the other hand, two lncRNAs, repeat A RNA 
(RepA) (Zhao, Sun, Erwin, Song, & Lee, 2008) and Jpx (Tian, Sun, & Lee, 2010), seem 
to function as Xist activators to promote XCI. The gene that encodes the E3 ubiquitin 
ligase RING finger 12 (RNF12), also known as RLIM, is located ~500 kb upstream of 
Xist, and its overexpression induces Xist RNA coating of the single X chromosome to 
cause partial derepression of Xist (Jonkers et al., 2009). Finally, the transcription factor 
Yin Yang 1 (YY1) has been shown to interact directly with Xist RNA and the Xist DNA 
locus, and serves as a bridge between the regulatory lncRNA and chromatin (Jeon & Lee, 
2011). 
 For female-specific random XCI, two questions need to be addressed.  First, what 
is the mechanism underlying the XCI in cells with more than one X chromosome?  
Several models of female-specific random XCI have been proposed, but the detailed 
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mechanism remains unclear (Goodrich, Panning, & Leung, 2016). Brown and colleagues’ 
study found that Xist is activated only in female cells, and is expressed only by one X 
chromosome (Brown et al., 1991). How is one Xist allele marked for repression and the 
second allele in XX cells marked for activation? One possibility is that silencing the X 
results in a decrease in the amounts or activity of a dose-sensitive Xist activator. Several 
deletions on Xci were tested to identify the activator. Interestingly, deletion of 58 kb in 
Xic, including Xist and Tsix, is still able to trigger Xist to begin XCI during 
differentiation, suggesting that the key sequence associated with female-specific Xist 
activation should lie some distance from Xist (Monkhorst, Jonkers, Rentmeester, 
Grosveld, & Gribnau, 2008). A subsequent study proposed that Rnf12, located 500 kb 
upstream of Xist, is a dose-dependent activator of Xist expression in random XCI. 
Additional copies of mouse or human RNF12 results in Xist up-regulation on the part of 
male and female embryonic stem cells (Jonkers et al., 2009). In contrast, random XCI 
decreased markedly in Rnf12+/− and Rnf12−/− female ESCs (Barakat et al., 2011). These 
results suggest that Rnf12 may induce XCI to inactive one chromosome in a dose-
dependent manner. 
The second question related to female-specific random XCI is how is just one of 
the two X chromosomes chosen to be inactivated in females? The imbalance of Tsix and 
other activators’ expression from two alleles may initiate random XCI. On the future 
active X chromosome, Tsix maintains expression from the X-inactivation intergenic 
transcription element to prevent loading of the RepA–PRC2 complex and the initiation of 
X-chromosome inactivation (Zhao et al., 2008). On the future inactive X chromosome, 
monoallelic loss of Tsix expression leads to the induction of the Jpx activator, which 
  
28  
allows RepA–PRC2 to promote Xist expression (Tian et al., 2010). Thereafter, Xist 
recruits PRC2 to a YY1-based nucleation center on the inactive chromosome, but is 
blocked from binding the active X (Jeon & Lee, 2011). Finally, an Xist–PRC2-ATRX 
complex spreads in cis across the X to silence the chromosome (Sarma et al., 2014). In 
addition to the factors and mechanisms mentioned above, several new players have been 
found to be involved in XCI. For example, SPEN, a large protein with several RNA-
binding domains, was proposed to facilitate the initiation of XCI through direct binding 
to the Xist RNA (McHugh et al., 2015; Monfort et al., 2015). N6-methyladenosine 
modification on RNA, which is associated with RNA stability, translation, or splicing, 
was found to promote Xist-mediated transcriptional repression (Patil et al., 2016). 
 
1.4.1.2 Nonrandom X-inactivation 
During the first wave of XCI, the paternal X chromosome is imprinted and 
therefore silent during the four to eight cell stage. Further, random XCI patterns can be 
skewed in mature female somatic tissues, such that more cells choose one allele of the X 
chromosome than the other. Wu and colleagues’ recent study revealed that X-inactivation 
is highly variable between individuals. The authors generated a dual-color, X-linked 
reporter system in combination with cell type-specific Cre drivers to visualize the XCI in 
different tissues and cell types (H. Wu et al., 2014). Surprisingly, females from the same 
litter exhibited strong variation, in that some littermates expressed the paternal allele (Xp) 
preferentially, while others largely expressed the maternal allele (Xm). In addition to 
individual variation, regional and cell-type variation in XCI mosaicism has been found in 
different tissues. Thus, it appears that XCI fluctuates greatly, rather than showing an even 
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distribution of equal numbers of Xm- and Xp-expressing cells. 
The parent-of-origin effect can skew X inactivation, and animal models have 
revealed the existence of locus-specific imprinting of X-linked genes in the developing 
brain (Raefski & O'Neill, 2005). Several X-linked genes also were characterized as 
imprinted genes (Davies et al., 2005; Kobayashi et al., 2006; Raefski & O'Neill, 2005). 
Some X-linked imprinted genes showed tissue-specific and developmental-specific 
imprinting. For example, Xlr3b, the X-linked imprinted gene discovered first, exhibits 
strong repression of the paternal allele in neonatal liver, while it exhibits biallelic 
expression in placenta. Xlr3b expresses both alleles in diencephalon and hindbrain at 
E14.5, but paternal repression appears at birth and is maintained into adulthood (Raefski 
& O'Neill, 2005). In addition to individual genes, recent evidence using next generation 
sequencing has shown that preferential paternal XCI occurs in the neonatal brain (Gregg, 
Zhang, Butler, Haig, & Dulac, 2010; X. Wang, Soloway, & Clark, 2010). However, 
mechanisms underlying different parent-of-origin effects on XCI are still unclear. 
 
1.4.1.3  X-inactivation escapees 
Some genes can escape X inactivation and are expressed from both alleles. A 
systematic survey has shown that approximately 15% of X-linked genes escape in 
humans (Carrel & Willard, 2005), and a recent study even showed that at least 23% of X-
linked genes are influenced by incomplete XCI (Tukiainen et al., 2016). In contrast, only 
a few X-linked genes (3%) escape in the mouse, as demonstrated in an RNA-seq study in 
a somatic cell line derived from a hybrid mouse (Yang, Babak, Shendure, & Disteche, 
2010). X escapees are found throughout the X chromosome, but are located 
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predominantly in pseudoautosomal regions (PAR). PAR is a small region with 
homologous sequences of nucleotides on the X and Y chromosomes, and genes in the 
PARs express equivalent alleles on X and Y chromosomes in males, and on both X 
chromosomes in females. Interestingly, mouse PAR has been found to be much shorter 
than human PAR (Perry, Palmer, Gabriel, & Ashworth, 2001). Thus, the location of 
escapees along the X chromosome differs between humans and mice. Escapees in 
humans are clustered, while in mice, single escape genes lie in the regions of silenced 
chromatin (Carrel & Willard, 2005; Yang et al., 2010). This major difference in X-
inactivation escape between mice and humans suggests that different mechanisms are 
involved in X-inactivation in the two species. Importantly, XCI escape varies among 
individuals. In humans, 15% of genes were found to be escaped in all samples, while 
20% were inactivated in some, but not all samples (Carrel & Willard, 2005). Further, 
escape from X-inactivation can change developmentally. For example, Kdm5c escapes in 
adult mouse tissues, including liver, lung, and brain, but not in embryonic tissues 
(Lingenfelter et al., 1998). 
The mechanisms involved in escaping XCI still have not been characterized fully. 
The distribution of repeat elements may be important in escape and XCI. Higher 
concentrations of long, interspersed nuclear elements-1 (LINE-1) repeats occur near 
genes that are subject to inactivation, while escapees have fewer LINE-1 repeats (Bailey, 
Carrel, Chakravarti, & Eichler, 2000). The following study revealed LINEs’ function in 
creating a silent nuclear compartment during XCI (Chow et al., 2010). Other sequences 
and motifs also are associated with the escape from XCI, for example, long terminal 
repeats (LTRs; Tsuchiya et al., 2004) or AT-rich motifs (Z. Wang, Willard, Mukherjee, 
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& Furey, 2006). In addition to DNA sequence, CTCF, a key insulator protein, plays a role 
in XCI’s escape. CTCF binds uniquely to transcription start sites for X-linked escapees. It 
also has been found that the CpG island at the 5’ end of Kdm5c remains hypomethylated 
throughout mouse development, which may be attributable to CTCF binding (Filippova 
et al., 2005). However, some evidence has shown that CTCF-binding alone might not be 
sufficient to protect silencing. For example, insertion of CTCF-binding sites is not 
sufficient to cause escape from XCI (Ciavatta, Kalantry, Magnuson, & Smithies, 2006). 
Taken together, it is clear that further studies are required to identify a common 
mechanism of escape from X inactivation. 
 
1.4.2 Known autosomal RME 
In addition to random X inactivation in females, RME has been detected for some 
autosomal genes. This phenomenon has been studied since the 1960s and has been found 
to affect specific gene families in the central nervous and immune systems, for example, 
antigen receptors/immunoglobulins in B and T cells, the olfactory receptor gene family, 
and protocadherins in nervous system. The RME of these three gene families is reviewed 
below. 
 
1.4.2.1 Immunoglobulin (Ig) 
Autosomal RME was first reported for antigen receptors (Pernis, Chiappino, 
Kelus, & Gell, 1965). One of the well-known features of B and T lymphocytes, regarded 
as Burnet’s clonal selection theory, is that each B and T cell recognizes only one antigen 
and explains the pathogen-specific production of antibodies (Burnet, 1959). This “one 
  
32  
cell–one antibody” rule signifies that antigen receptors in individual B cells contain only 
one particular antigen-binding site that corresponds to the respective pathogen-associated 
antigens and results in a highly-specific antibody response. Indeed, expression of 
additional functional antigen receptors could induce multiple specificities of immune 
cells and lead to deleterious phenotypes such as those with autoimmune disorders 
(Pelanda, 2014). The genetic mechanism underlying “one cell–one antibody” is allelic 
exclusion, a process of monoallelic rearrangement of Ig gene segments (Brady, Steinel, & 
Bassing, 2010). The rearrangement also is referred to as VDJ recombination, a process 
that assembles the V, D, and J gene segments that encode the variable region of the 
antigen receptor molecule randomly to generate unique antigen receptors. During B and 
T cell development, one of the two alleles undergoes various VDJ combinations, but only 
a fraction of the resulting Ig genes is functional and able to assemble successfully as a 
surface-expressed antigen receptor. If rearrangement assembles a functional receptor, 
further rearrangements are blocked by a feedback inhibition mechanism. However, if 
rearrangement fails to produce a functional receptor, rearrangement continues at the 
original allele or the other allele. Allelic exclusion is thought to be a special case. Most 
RME cases, such as X-linked genes in females, the olfactory receptor family, and most 
imprinting genes are regulated epigenetically, such that only one of the two alleles is 
transcribed. Conversely, antigen receptor loci are expressed from both alleles, but only 
the functional allele will translate into protein. This conclusion was drawn from a study 
in which mice were engineered to carry two different, prearranged functional IgH and Igk 
alleles, both of which were translated and expressed on the surface of mature B cells 
(Fraenkel et al., 2007; Sonoda et al., 1997). Thus, the mechanisms of allelic exclusion 
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involve a unique rearrangement process. 
Several working models of monoallelic rearrangement and mechanisms have been 
identified that ensure the recombination machinery acts on the allele chosen (Vettermann 
& Schlissel, 2010). One mechanism that labels the expressed versus silenced allele is 
asynchronous replication, in which replication of the expressed allele occurs earlier than 
that of the silent allele during the S phase. Genes located within asynchronously 
replicating regions are monoallelic, such as imprinted genes (Simon et al., 1999), the 
olfactory receptor family (Chess, Simon, Cedar, & Axel, 1994), and the inactive X 
chromosome (Priest, Heady, & Priest, 1967). Antigen receptor loci exhibit asynchronous 
replication as well (Mostoslavsky et al., 2001). In mature B cells, the rearranged Igh and 
Igk alleles replicate early in S phase, while the un-rearranged alleles replicate later. In 
pro-B- and pre-B-cell stages, the early replicating allele of Igk can predict the one chosen 
for rearrangement when the cells initiate differentiation (Farago et al., 2012). In addition, 
different chromatin modifications likely cooperate to modulate the chromatin 
accessibility to recombination-activating genes 1 and 2 (RAGs), the enzymes essential for 
VDJ rearrangement and allelic exclusion. The future rearranged Igk allele is marked with 
gene-activating histone marks, such as acetylation on H3 histone or H3K4me3. In 
contrast, the opposing allele is localized to heterochromatin, which maintains genes in a 
repressive state (Farago et al., 2012; Goldmit et al., 2005). The presence of H3K4me3 
can act as a docking site to recruit the RAG2 enzyme for future rearrangement (Ji et al., 
2010). DNA methylation plays a role in VDJ recombination as well, and has been shown 
to reduce the activity of the RAG proteins significantly; further, reduction of DNA 
methylation levels can promote rearrangement in vitro (Ji, Zhang, Lee, Cedar, & 
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Bergman, 2003; Nakase, Takahama, & Akamatsu, 2003). Thus, these results demonstrate 
that allelic exclusion on VDJ loci involves a complex epigenetic mechanism that results 
in monospecificity of B and T cells. 
 
1.4.2.2 Clustered protocadherins 
Clustered protocadherins are another gene family that demonstrates RME (Chess, 
2005; Esumi et al., 2005; Kaneko et al., 2006). Protocadherins (Pcdhs) are the largest 
mammalian subgroup of the cadherin superfamily and are expressed predominantly in the 
nervous system (Q. Wu & Maniatis, 1999). Based on genomic organization, Pcdhs have 
been defined according to two subgroups: nonclustered and clustered Pcdhs. 
Nonclustered Pcdhs, known as δ-Pcdhs, are scattered throughout the genome. The 
clustered Pcdhs contain three gene clusters, Pcdha, Pcdhb, and Pcdhg, including 
approximately 60 genes in humans and mice (Q. Wu & Maniatis, 1999; Q. Wu et al., 
2001), and the genomic organization of clustered Pcdhs is conserved highly in both 
species (Yagi, 2008). Pcdha and Pcdhg are composed of multiple variable exons that 
encode the extracellular, transmembrane, and cytoplasmic domains of the protein, as well 
as three constant exons that encode a shared intracellular region. Pcdhb is composed only 
of variable exons (Tasic et al., 2002; X. Wang et al., 2002). Diverse clustered Pcdhs 
isoforms are expressed combinatorially in individual neurons to provide them a unique 
identity for neuronal connectivity and interneuronal recognition (Yagi, 2012). Complete 
deletion of clustered Pcdhs in cortical neurons was shown to produce impaired formation 
and stabilization of neuronal connections (Hasegawa et al., 2016). In particular, they 
appeared to allow neurons to recognize “self,” and thus prevented them from forming 
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synapses on their own processes (Lefebvre, Kostadinov, Chen, Maniatis, & Sanes, 2012). 
Unlike rearrangement in antigen receptors, the mechanism of stochastic 
expression of clustered Pcdhs has been coined “promoter choice” (Tasic et al., 2002). 
Each variable exon of Pcdhs contains its own promoter, which includes a conserved 
sequence element, and the transcription is initiated from a unique promoter. When the 
promoter of the variable exon is chosen stochastically, a long transcript through the rest 
of the cluster is spliced subsequently, probably through interaction of the downstream 
HS7 and HS5-1 sequence, to produce a mature mRNA that contains only the 5’-most 
variable exons and the three constant exons (Ribich, Tasic, & Maniatis, 2006; Yokota et 
al., 2011). Both PCDHα and PCDHγ, encoded by Pcdha and Pcdhg, follow this 
transcriptional and splicing process. However, the detailed mechanisms of the way in 
which one promoter is chosen stochastically over another remain unclear. The insulator 
CTCF and nuclear phosphoprotein RAD21 may play roles in regulating random promoter 
choice. Active Pcdha promoters are bound to both CTCF and the nuclear RAD21, as is 
the HS5-1 enhancer (Kehayova, Monahan, Chen, & Maniatis, 2011; Monahan et al., 
2012). Pcdhs may be inactivated by DNA methylation as well. Pcdhs that express 
stochastically and monoallelically in neurons exhibit mixed DNA methylation patterns in 
their promoter, while promoters in which Pcdhs are expressed constitutively and 
biallelically are hypomethylated (Kawaguchi et al., 2008). In addition to stochastic 





1.4.2.3 Ordorant receptor (OR) 
Similar to antigen receptors, which exhibit the “one antibody–one cell” principle 
to guarantee appropriate immune function, the OR also follows a “one OR–one neuron” 
rule to ensure proper function and wiring of olfactory systems (Serizawa, Miyamichi, & 
Sakano, 2004). There are approximately 350 human OR genes and 1400 mouse OR genes 
(Godfrey, Malnic, & Buck, 2004; X. Zhang & Firestein, 2002; Zozulya, Echeverri, & 
Nguyen, 2001), which are expressed primarily in the olfactory sensory neurons (OSNs) in 
the olfactory epithelium. Only one OR allele among hundreds is expressed in each OSN 
(Chess et al., 1994; Ishii et al., 2001). Originally, monoallelic expression of ORs was 
proposed based on transcript cloning experiments (Chess et al., 1994). Recently, 
transcriptome analysis of single cells from hybrid mice demonstrated that only one allele 
of an OR was expressed in most cells analyzed (Saraiva et al., 2015).  
The regulation of monogenic and monoallelic expression of ORs involves many 
epigenetic mechanisms. Asynchronous replication, a DNA replication process mentioned 
above, was observed in ORs. (Singh et al., 2003). The mechanism that allows each mouse 
olfactory neuron to express only one of 1400 ORs stochastically has been elucidated. 
Lomvadas et al. found that a single enhancer of an OR gene cluster interacts with 
multiple OR gene promoters, suggesting that, to be activated, ORs located on different 
chromosomes compete for a single enhancer (Lomvardas et al., 2006). Differential 
marking of the two alleles with repressive and active markers for transcription, 
respectively, was found to function in monoallelic expression of the OR genes. 
Remarkably, genome-wide chromatin analysis of the olfactory epithelium found histone 
modifications of OR genes consisting of H3K9me3 and H4K20me3, which are associated 
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with constitutive heterochromatin. H3K9me3 and H4K20me3 cover the OR gene coding 
regions and intergenic regions to form a constitutive heterochromatin block that prevents 
transcription factors from binding (Magklara et al., 2011). While the OR is chosen and 
activated, the expressed OR allele lacks these repressive markers, and is marked instead 
by H3K4me3, an active marker for transcription (Magklara et al., 2011). These results 
suggest that OR activation involves an epigenetic switch from a repressive to an active 
epigenetic signature. LSD1, a histone demethylase, was found to be essential for OR gene 
activation (Lyons et al., 2013). Deletion of LSD1 in OSN prior to OR choice results in a 
complete loss of OR expression, while it has no effect after OR choice.  
After a single OR allele is activated, further mechanisms prevent the activation of 
additional OR alleles and maintain monoallelic expression. This mechanism involves 
negative feedback during translation of the OR at high levels in the endoplasmic 
reticulum (ER) to trigger the unfolded protein response, a cellular stress response. The 
unfolded protein response induces expression of Adenylyl cyclase type 3 (Adcy3) to 
downregulate LSD1 and prevent demethylation (Dalton, Lyons, & Lomvardas, 2013). 
Another mechanism that maintains the monoallelic expression of a chosen OR in an 
individual neuron also was described recently (Abdus-Saboor et al., 2016). The study 
forced ectopic expression of another OR gene in mature OSNs and found that it 
suppressed the expression of the endogenous OR gene chosen previously. This 
postselection refinement demonstrated that the endogenous OR that is transcribed at a 
higher level of expression is suppressed less efficiently compared to an endogenous OR 
with lower expression. This result revealed a competitive relationship between OR alleles 
and a negative feedback system that ensures the singularity of OR allelic expression.  
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1.4.3 RME studied by genome-wide approaches 
1.4.3.1 Studies from cell lines 
In addition to the gene families mentioned above that show RME, a small number 
of isolated autosomal genes with RME also have been identified, for example, interleukin 
genes in T cells (Hollander et al., 1998; Kelly & Locksley, 2000), Tlr4 in B cells (Pereira, 
Girard, Chaby, Cumano, & Vieira, 2003), glial fibrillary acidic protein (Gfap) gene in 
astrocytes (Takizawa, Gudla, Guo, Lockett, & Misteli, 2008), and forkhead box protein 
P2 (FOXP2) gene in human lymphoblasts (Adegbola et al., 2015). These findings 
indicated that other genes with RME might exist in the genome. With the advance of 
whole genome sequencing, which provides resolution at the level of single nucleotide 
polymorphisms and the use of new methods, such as single nucleotide polymorphism 
(SNP) genotyping arrays, and next-generation sequencing, genome-wide studies of RME 
genes have been conducted. The earliest genome-wide analysis of RME was performed 
in Chess’ laboratory, in which SNP arrays were performed to examine cDNA reverse-
transcribed from bulk RNA of human monoclonal B-lymphoblastoid cell lines 
(Gimelbrant, Hutchinson, Thompson, & Chess, 2007). This seminal study estimated that 
nearly 5-10% of approximately 4000 autosomal genes analyzed were subject to RME. A 
later SNP microarray study from the same group found a similar degree of RME in 
immortalized mouse lymphoblasts, but fewer (~2%) in mouse fibroblast (Zwemer et al., 
2012). More recently, RNA-seq also was performed to determine the extent of RME in 
immortalized clones of mouse tail-tip fibroblasts and embryonic fibroblast (Pinter et al., 
2015). In addition, immortalized clones of human and mouse cells have been used to 
explore epigenetic features related to RME (Nag et al., 2013; Nag, Vigneau, Savova, 
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Zwemer, & Gimelbrant, 2015). 
Cell culture systems have been used widely in genome-wide studies of RME 
genes, principally because of a technical challenge in which bulk RNA-seq analysis of 
polyclonal cell population pooled by the cells that express either the maternal or paternal 
allele of an RME gene, such as in tissues, would make expression appear biallelic for 
every RME gene (Nag et al., 2013). Therefore, monoclonal samples derived from a single 
cell in a cell culture system were used for the analysis. However, analyses of cell culture 
systems, and especially of immortalized cell lines, can be confounded by copy number 
variation (Lucito et al., 2003) or chromosomal abnormalities (Gaztelumendi & Nogues, 
2014; Maitra et al., 2005). These confounding factors should be scrutinized carefully 
when analyzing results from cell culture systems. 
 
1.4.3.2 Studies from stem cells 
In addition to immortalized cell lines, RME in stem cells has been examined with 
genome-wide approaches. A stem cell is an undifferentiated cell type capable of giving 
rise to other kinds of cell following differentiation, and therefore, it can be used to 
observe RME in different cell lineages. Originally, an SNP-sensitive microarray 
identified 2-2.4% of analyzed genes subject to RME in mouse and human neural stem 
cells (Jeffries et al., 2012; S. M. Li et al., 2012). Two recent studies co-published by two 
different groups have extended our understanding of RME greatly and explored the 
change of RME upon cell differentiation. These studies used bulk RNA-seq analysis of 
clonally expanded stem cell populations derived from hybrid mice, and identified ~0.5-
1% of analyzed autosomal genes in embryonic stem cells, and 5–10% of genes in neural 
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progenitor cells (Eckersley-Maslin & Spector, 2014; Gendrel et al., 2014). These results 
suggest that RME is acquired upon lineage commitment. 
 
1.4.3.3 Studies from single cell sequencing 
 Single cell sequencing examines individual cells with optimized next generation 
sequencing technologies that provide a higher resolution of cellular variation. 
Disassociating cells from tissues to analyze individual cells is another approach that 
bypasses the technical challenge in analysis of polyclonal cell pooling. The first study 
that employed single cell RNA-seq on blastomeres from preimplantation embryos in 
crossed mouse strains identified 12–24% of genes on autosomes as RME across all 
preimplantation stages analyzed (Deng, Ramskold, Reinius, & Sandberg, 2014). A 
similar proportion of RME was observed in single-cell RNA-seq analysis of mouse 
hepatocytes and fibroblasts. The authors found that allelic expression patterns rarely were 
maintained across cells that divided in the same embryo; therefore, the authors proposed 
dynamic RME (Reinius & Sandberg, 2015), which differs conceptually from clonally-
inherited RME, and is thought to derive from transient stochastic monoallelic expression. 
In addition to mouse blastomeres, mouse neural progenitor cells (Marinov et al., 2014), 
human primary fibroblasts (Borel et al., 2015), and human T cells (Reinius et al., 2016) 
have been examined by single cell RNA-seq in different studies. Although single cell 
transcriptome profiling has better resolution that allows observation of the dynamics of 
transcriptional states, technical noise, such as random allele dropout and variable capture 
efficiency, may inflate allelic calling and confound estimates of RME genes (Benitez, 
Cheng, & Deng, 2017). The technical control of experiments should be addressed 
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carefully to estimate RME accurately (J. K. Kim, Kolodziejczyk, Ilicic, Teichmann, & 
Marioni, 2015). 
 
1.4.3.4 Potential mechanisms underlying isolated RME  
Several studies have explored various epigenetic features associated with isolated 
RME. Chromatin immunoprecipitation followed by genome-wide sequencing on murine 
neural progenitor cells was found to transcribe an allele enriched for an active (H3K4me2 
and/or H3K4me3) marker, while it silenced an allele enriched for repressive (H3K9me3) 
markers (Eckersley-Maslin & Spector, 2014). Nag and colleagues identified the 
chromatin signature, H3K36me3, an active histone mark for transcription, and 
H3K27me3, a repressive histone mark for silencing, across the bodies of many RME 
genes in human (Nag et al., 2013) and mouse cells (Nag et al., 2015). The same group 
used this dual active/inactive chromatin signature subsequently to classify RME genes in 
different tissues for further analysis (Savova, Chun, et al., 2016; Savova, Patsenker, 
Vigneau, & Gimelbrant, 2016; Savova, Vinogradova, Pruss, Gimelbrant, & Weiss, 2017), 
but the accuracy of this predictive tool still needs to be validated. Bisulfate sequencing 
used to analyze DNA methylation on RME genes exhibited varied results, and showed 
that the allele expressed in some genes had decreased levels of DNA methylation, while 
others did not (Gendrel et al., 2014). Administration of 5-azacytidine, a DNA 
methyltransferase inhibitor, to lower DNA methylation could not increase biallelic 
expression of monoallelic genes (Eckersley-Maslin & Spector, 2014; Gendrel et al., 
2014), suggesting that DNA methylation is not a widespread marker that regulates RME. 
Recently, an allele-specific assay for transposase-accessible chromatin with high 
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throughput sequencing (ATAC-Seq), a technique used to study chromatin accessibility, 
was performed on mouse embryonic stem cells and neural progenitor cells to profile 
active regulatory DNA sequences across the genome to identify regulatory elements of 
RME (Xu et al., 2017). Interestingly, regulatory elements of RME were enriched at 
promoters, while elements of genetically-determined monoallelic expression tended to be 
at enhancers, suggesting that regulation of RME is associated with a gene’s promoter 
rather than with long-range regulatory elements. Taken together, these results suggest 
that no single epigenetic marker can explain RME, and indicate that multiple epigenetic 
regulations likely work together to maintain RME.  
 
1.5 Unanswered questions and dissertation goals 
 Genetic risk factors for complex diseases, such as autism spectrum disorders 
(ASDs), have been challenging to define, and are an obstacle in understanding the basis 
of these disorders and devising effective therapeutic strategies. Several recent genomic 
studies revealed that loss-of-function heterozygous mutations, rather than recessive 
mutations, are involved in ASDs, as well as schizophrenia. However, we do not 
understand fully the way in which heterozygous mutations contribute to disease. In a 
diploid genome, most genes have two copies, and the healthy backup copy can reduce the 
effect of heterozygous mutations. However, if the mutated allele is the only allele 
expressed because of epigenetic effects that silence the expression of the healthy allele, 
then a heterozygous mutation will have a stronger influence. Epigenetic effects involve 
modifications to the genome that alter gene expression without changing the genome 
sequence. However, we know little about the prevalence of ASEs in vivo for most genes 
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in the genome and how their effect influences complex disorders. 
 ASEs are known from genomic imprinting in which either the maternal or 
paternal allele is silenced for a small number of genes in the genome because of 
epigenetic effects that are inherited from the mother or father. These effects influence the 
genetics of heterozygous mutations, for example, the same mutation on chromosome 15 
can cause Prader-Willi Syndrome or Angelman Syndrome depending on the parental 
origin of the mutation. RME effects also are known to exist in the genome and affect 
genes on the X-chromosome in females, immune genes, protocadherins, and olfactory 
receptors. Recently, some autosomal genes with RME were found scattered in the 
genome in vitro.  
 Currently, we know little about RME genes in vivo, as robust and scalable 
methods to profile RME genes in tissues have not been developed. Further, the spatial 
and temporal variability of ASE genes, such as imprinted and RME genes, have not been 
characterized fully. It also is unclear whether the mutation of RME genes influences 
genetic architecture in vivo. Therefore, the objective of the dissertation is focused on: (1) 
developing methods to profile allele-specific expression effects in vivo, and (2) analyzing 
cellular expression of RME genes in heterozygous mutated mice.  
 Goal 1: Develop methods to profile ASE genes in vivo. Previous genome-wide 
profiles of RME that used materials collected from cell culture systems has 
expanded our understanding of RME. However, chromosome abnormality and 
gene copy variation that occur typically in cultured cells may confound estimates 
of RME. Thus, the first goal of the dissertation was to develop accurate 




 Goal 2: Genome-wide analysis of ASE genes in different tissues and 
developmental stages. Some imprinted genes have been shown to express in a 
tissue-specific manner, for example, imprinting of Ube3a occurs only in the brain. 
Whether parental-biased genes with differential expression between two alleles 
also are exhibited in a similar manner in different tissues has not been 
investigated comprehensively, and the temporal and spatial process of RME in 
vivo remains unclear as well. Thus, the dissertation’s second goal was to identify 
ASE genes in different tissues and different developmental stages in vivo and 
validate the results using independent approaches. The results of these 
experiments are described in Chapters 2 and 3. 
 Goal 3: Determine whether RME genes affect the cellular expression of 
mutated and healthy alleles for inherited heterozygous mutations. The 
parental origin of the deleted imprinted region of chromosome 15 results in the 
different phenotypes known as Prader-Willi syndrome and Angelman syndrome; 
however, the genetic architecture underlying the mutation of RME genes in vivo 
has not yet been explored. Therefore, to address the third goal, cell 
subpopulations that express the mutant versus the wildtype allele of the RME 
gene were examined in vivo using heterozygous reporter mice. The results of 
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Figure 1.1 lncRNA model at imprinted gene cluster. Airn is a lncRNA, which is antisense 
to Igf2r in the gene cluster. The Airn promoter is hypermethylated on the maternal allele 
but not on the paternal allele. The Airn expressed paternally represses Igf2r expression on 







Figure 1.2 Insulator model at imprinted gene cluster. The CTCF is bound to the 
unmethylated maternal allele, while its binding is blocked on the methylated paternal 
allele because of the methylation-sensitive feature on the differential methylation region 
(DMR). Thus, Igf2 expresses on the paternal allele due to an accessible enhancer, while 





Figure 1.3 A basic model of random X-inactivation. In a silenced X chromosome, Xist is 
expressed to inactivate X-linked genes’ expression, and other factors involving in X-
inactivation has been identified (e.g., Jpx and PRC2). In active X chromosome, Tsix is 























NONCANONICAL GENOMIC IMPRINTING IN OFFSPRING 
 
 
The following chapter is reprinted with permission from Cell Press. 
Bonthuis, P. J., Huang, W. C., Hörndli, C. N. S., Ferris, E., Cheng, T., & Gregg, C. 


















































































































































































































































































































































































































DIVERSE NONGENETIC, ALLELE-SPECIFIC EXPRESSION EFFECTS SHAPE 
GENETIC ARCHITECTURE AT THE CELLULAR LEVEL IN  
THE MAMMALIAN BRAIN 
 
 
The following chapter is reprinted with permission from Cell Press. 
Huang, W. C., Ferris, E., Cheng, T., Horndli, C. S., Gleason, K., Tamminga, C., . . . 
Gregg, C. (2017). Diverse non-genetic, allele-specific expression effects shape Genetic 



























































































































































































































Part of this chapter will be incorporated in a review in preparation Gregg C & Huang WC 



















Epigenetic ASEs, such as genomic imprinting and RME, represent a noncanonical 
biological phenomenon in which two homologous genes located in the same cell exhibit 
distinctive expression patterns in either a deterministic or random manner. The genes 
subject to ASEs have a variety of functions that influence a wide range of phenotypes and 
complex disorders. However, the repertoire and temporal and spatial variability of ASE 
genes in vivo have not been characterized fully. The roles ASE genes play in cell 
physiology and the way in which ASE gene mutations affect genetic architecture remain 
unclear as well. Therefore, this dissertation work developed a statistical framework to 
identify putative RME genes in vivo genome-wide and revealed several novel ASE genes 
in different tissues and different developmental stages (Chapter 3). To validate the 
method’s reliability in identifying RME genes, pyrosequencing was used as an 
independent approach to confirm the RME profiles of several of the genes identified 
(Chapters 2 & 3). Moreover, different mouse strains (wild mice, Chapter 2) and different 
species (Macaca cynomolgus, Chapter 3) were examined to confirm that the framework 
can be generalized to multiple contexts. To determine the nature of ASE genes at the 
cellular level, a highly sensitive in-situ hybridization method with cellular resolution was 
performed on tissue sections to observe allelic expression in subpopulations of cells in 
vivo (Chapters 2 & 3).  Finally, heterozygous transgenic mice were used to determine the 
way in which mutation of ASE genes influences behavioral phenotypes (Chapter 2, 
performed by Dr. Paul Bonthuis) and genetic architecture (Chapter 3). The findings of 
this dissertation expand our understanding of the spectrum of ASE genes in vivo and the 
potential roles ASE genes play in function. 
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4.2 Monoallelic expression at the cellular level 
In the two studies performed, RNA in-situ hybridization was used to demonstrate 
that ASE genes, such as imprinted and RME genes, express one allele in a subpopulation 
of brain cells preferentially. This evidence suggests that noncanonical imprinted genes 
that are found at the tissue level and exhibit expression differences between the two 
parental-inherited alleles, described as parental-biased genes in the introduction, may 
result from monoallelic expression within a particular subpopulation of cells, while other 
cells display biallelic expression. Similarly, the proportion of cells that express 
monoallelically corresponds to the coexpression correlation between two alleles in the 
tissue level, suggesting that ASE genes do not necessarily exhibit absolute monoallelic 
expression at the cellular level. Based on these findings, the next intriguing question is 
how can we identify the cell lineages that express monoallelically or biallelically 
preferentially? Further, do any cell lineages exist that express the maternal or paternal 
allele preferentially to lead to cell type-specific genomic imprinting? This scenario also 
could occur in RME genes that may result from random pooling of several cell lineages 
that express an allele preferentially following the parent-of-origin pattern. 
 
4.2.1 Allele-specific in-situ hybridization 
Despite the fact that our novel ultra-sensitive in-situ hybridization provides 
resolution at the cellular level to observe allele expression in an individual cell, the 
approach cannot obtain the parental information of the transcript expressed. One imaging 
approach to discriminate among transcripts with small sequence differences, particularly 
those of low abundance, is single-molecule allele-specific in-situ hybridization. The first 
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single-molecule allele-specific in-situ hybridization that used fluorescent probes was 
developed approximately ten years ago (Bonifazi et al., 2006); however, the resolution of 
images obtained at that time still needs to be improved. Recently, several approaches 
have been proposed to strengthen the signal from the probes targeting allelic differences. 
Nilsson and colleagues performed a padlock-probe in-situ to detect a somatic point 
mutation in mouse and human cells (Larsson, Grundberg, Soderberg, & Nilsson, 2010), 
while Levesque et al. invented the toehold probe strategy to visualize allele expression in 
a human lymphoblast cell line (Levesque, Ginart, Wei, & Raj, 2013) and used the same 
approach recently to detect loss of imprinting of H19 in cells harboring mutations in the 
CCCTC-binding factor (CTCF) sites in the H19/IGF2 imprinting locus (Ginart et al., 
2016). Hansen and van Oudenaarden used standard DNA probes to observe maternal and 
paternal alleles of the Nanog gene in mouse embryonic stem cells and to demonstrate the 
expression bias of two alleles under different culture conditions (Hansen & van 
Oudenaarden, 2013). One limitation of allele-specific in-situ hybridization is that the 
method primarily provides a snapshot from fixed or frozen tissues rather than continuous 
recording of the same cell to observe dynamics of allele expression. Even so, multicolor, 
allele-specific in-situ hybridization provides a powerful tool to observe mosaicism of 
allele expression at the tissue level. 
 
4.2.2 Single cell sequencing 
As mentioned in the introduction, single cell RNA sequencing provides high 
resolution of intercellular heterogeneity and a transcriptome profile that can estimate 
genome-wide allele expression with parental information. Single-cell RNA sequencing 
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has been used in several ASE studies, such as RME (Deng, Ramskold, Reinius, & 
Sandberg, 2014), genomic imprinting (Santoni et al., 2017), and X-inactivation 
(Petropoulos et al., 2016). Although single cell RNA sequencing can obtain genome-wide 
information at a specific time, it lacks temporal information to observe the change of 
expression in the cell. Deng et al. performed single cell RNA-seq on blastomeres and 
found that allelic expression patterns varied across the cells divided from the same 
embryo (Deng et al., 2014). This finding differed from the results of a cell culture, which 
showed that the allelic expression pattern is identical in all cells derived from a single 
cell. Therefore, the authors proposed a novel mechanism referred to as dynamic RME, 
which is caused by asynchrony of burst frequency and discrepancy of the RNA 
degradation rate between two alleles (Reinius & Sandberg, 2015). However, the evidence 
from single cell RNA-seq cannot exclude the possibility that each cell owns a unique 
allelic expression barcode so that the identical expression pattern is found rarely. Thus, 
time-lapse analysis of imaging is still required to prove the existence of dynamic RME.
 Allelic expression heterogeneity was observed in several single-cell transcriptome 
studies, although the epigenetic mechanisms underlying the extent of this heterogeneity 
remain unclear. Integration of several sequencing data collected from single cells has 
enabled us to link individual allele expression pattern to the distinct epigenetic signature. 
Angermueller et al. developed the scM&T-seq, which involves parallel, single-cell 
transcriptome sequencing and genome-wide methylome to observe the link between 
transcriptional and epigenetic variation in mouse embryonic stem cells (Angermueller et 
al., 2016). In a more recent study, Guo et al. developed multiomics sequencing to 
perform single-cell analysis of genome-scale chromatin accessibility and DNA 
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methylation dynamics (Guo et al., 2017). These methods have enabled the study of allele 
expression and epigenetic markers from the same cell. 
 
4.2.3 Reporter line 
In addition to allele-specific hybridization, reporter mouse lines allow single-cell 
visualization of ASE and isolation of cells by sorting. Recently, several reporter mouse 
lines have been established to study ASE. An X-linked reporter system in combination 
with cell type-specific Cre drivers was generated to analyze the mosaicism of X 
chromosome inactivation (XCI) in different tissues and cell types (Wu et al., 2014). 
Swanzey and Stadtfeld developed a reporter mouse model to visualize imprinted gene 
Dlk1 by inserting fluorescent reporter genes into the exon 6 of Dlk1 (Swanzey & 
Stadtfeld, 2016), while Jaenisch and colleagues used CRISPR/Cas9-mediated gene 
editing to establish a DNA methylation reporter and uncovered tissue- and cell-dependent 
allele expression during different developmental stages (Stelzer et al., 2016). In a recent 
study, luciferase was knocked into imprinted gene Cdkn1c locus to generate Cdkn1c-
luciferase mice that offers noninvasive readouts at whole-body and single-cell resolution 
of CDKN1C (Van de Pette et al., 2017). Although reporter mouse lines allow 







4.3 Functional significance of RME 
4.3.1 Diversity at the tissue, specificity at the cell 
 RME’s functional significance has been implicated in known RME genes, 
immunoglobulins, clustered protocadherin, and olfactory receptors. The “one immune 
cell-one antigen receptor,” or “one neuron-one olfactory receptor” principles guarantee 
cell specificity and prevent cells from wasting resources and misinterpreting information. 
Similarly, protocadherins function as a unique address for individual neurons in neuronal 
connection formations during development. On the other hand, these three groups of 
RME genes maximize the variability of allele expression to maintain diversity at the 
tissue level. Thus, the olfactory system enables us to discern differences among mixtures 
of odors in the real world, and the adaptive immune system can respond to most 
pathogens that invade the body. One shared characteristic of these three groups is 
stochastic expression. However, if stochastic choice occurred in each allele, at least two 
gene products would be expressed in the same cell and monospecificity would be lost. 
Therefore, RME serves as a selection mechanism to ensure that only one gene product is 
expressed in the cell. This working model can be used to explain other RME genes 
scattered in the genome. Gene isoforms are forms of messenger RNA (mRNA) spliced 
alternatively that are produced from the same transcriptional unit, but differ in protein 
coding DNA sequences or un-translated regions because of the alternative splicing (Lee 
& Rio, 2015), which is a typical scenario in eukaryotes that increases biodiversity. With 
the advance of next generation sequencing, more than 100,000 isoforms have been 
identified in humans, and > 90% human genes are found to express at least one isoform 
(Pan, Shai, Lee, Frey, & Blencowe, 2008; Wang et al., 2008). Many alternative isoforms 
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have been reported to yield products with novel protein sequences and have physiological 
functions (Kriventseva et al., 2003). Interestingly, increasing evidence has shown that 
most alternative splicing is a result of stochastic binding in the splicing machinery to 
generate alternative isoforms (Melamud & Moult, 2009; Pickrell, Pai, Gilad, & Pritchard, 
2010). In this case, RME could play a role in selecting only one isoform expression in the 
cell for those genes that require monospecificity of isoform expression. 
 
4.3.2 Heterogeneity 
 One intuitive thought about the functional consequence of RME, but not genomic 
imprinting, is that RME may lead to phenotypic heterogeneity in haploinsufficiency 
disorders, whereby a diploid organism shows a phenotype when one copy of a gene is 
lost. As described previously, a diploid system has two copies of most genes, and the 
healthy backup copy can reduce the effect of heterozygous mutations. However, if the 
healthy allele is silenced and the mutated allele is the only one expressed, then a 
heterozygous mutation could have a stronger effect. On the other hand, if the healthy 
allele is activated, but the mutated allele is silenced, the phenotype alteration would be 
relatively minor. One remarkable example is based on random XCI in females. In women 
with a heterozygous mutation of X-linked tumor suppressor gene FOXP3, breast cancer 
grows largely from cells with one silenced functional copy and one activated mutant 
copy, which results in a null mutation-like condition (Zuo et al., 2007). Thus, the severity 
of the phenotype in the organism would depend on the stochastic choice that determines 
the proportion of cells that inherited a functional or mutated copy (Medema & Burgering, 
2007). The more cells with the mutated allele, the more severe the organism’s phenotype. 
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4.4 Dynamics of allelic expression 
4.4.1 Development 
 Developmental control of genomic imprinting and XCI has been studied well in 
the prenatal period. Genomic imprinting is erased in primordial germ cells and then 
reestablished during gametogenesis. As described above, there are two waves of XCI 
during embryonic development. The first occurs during the 4–8-cell stage and results in 
imprinted paternal XCI. The silenced paternal X chromosome is reactivated at the 
blastocyst stage, after which the second wave results in random XCI of either the 
maternal or paternal X chromosome. Some autosomal genes have been observed to 
change ASE during differentiation or development. NANOG, a stem cell pluripotent 
factor, showed monoallelic expression in embryonic stem cells cultured with medium 
containing serum and leukemia inhibitory factor (LIF), and then switched to biallelic 
expression in conditions with LIF and 2i (pharmacological inhibition of GSK-3 and 
MAPK; Miyanari & Torres-Padilla, 2012), although this result is still under debate 
(Faddah et al., 2013; Filipczyk et al., 2013; Hansen & van Oudenaarden, 2013). 
Transcription factor GATA3 was found to be expressed monoallelically in early T-cell 
progenitors, but switched to biallelic expression at midthymopoiesis (Ku et al., 2015). 
The dynamics of ASE can be observed transcriptome-wide with RNA-seq. Two recent 
studies used RNA-seq and estimated that ~0.5-1% of genes in embryonic stem cells and 
~5–10% of genes in neural progenitor cells are subject to RME (Eckersley-Maslin et al., 
2014; Gendrel et al., 2014), indicating that ASE changes widely when embryonic stem 
cells differentiate into neural progenitor cells. Our study found that RME genes are more 
prevalent in postnatal day (P) 5 brains compared to P15 and adult brains, suggesting that 
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RME is regulated developmentally in vivo. These temporal dynamics were observed with 
genomic imprinting in the postnatal brain as well. Perez et al. performed RNA-seq and 
profiled imprinted genes in the developing (P8) and adult (P60) mouse cerebellum to 
obtain a picture of developmental changes in genomic imprinting in the brain (Perez et 
al., 2015). Surprisingly, the comparison revealed that approximately half of all the 
imprinted genes identified in the cerebellum are regulated developmentally between P8 




 Disturbance of the normal balanced condition with respect to maternal and 
paternal allelic copies in the genome can cause deleterious outcomes, for example, 
nonviable gynogenetic or androgenetic embryos, as noted in the introduction. Studies of 
human imprinting disorders have shown that the disturbance of imprinted gene 
expression often leads to morbidity. Beckwith-Wiedemann syndrome (BWS) is an 
imprinting disorder caused by dysregulation at the IGF2/H19 imprinted locus, and is 
characterized by overgrowth at birth and an increased risk of childhood cancer. One of 
the most common epigenetic disturbances in BWS patients is the loss of insulin growth 
factor 2 (IGF2) imprinting, which results in activation of the normally silenced maternal 
allele and overexpression of IGF2 (Steenman et al., 1994). IGF2 is a growth factor that 
promotes the growth of various cell types, and its overexpression is associated with 
several adult and childhood cancers. Indeed, loss of IGF2 imprinting has been defined as 
a potential biomarker of increased risk for several cancers (Cui, 2007), such as colorectal 
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cancer (Cui et al., 2003), bladder cancer (Byun et al., 2007), and acute lymphoblastic 
leukemia (Vorwerk et al., 2003). This phenomenon suggests that loss of imprinting could 
be a predictive tool in detecting epigenetic instability within cancers. In addition to IGF2, 
loss of imprinting at the MEG3-DLK1 imprinted locus was discovered in hepatocellular 
carcinoma (Anwar et al., 2012) and acute promyelocytic leukemia samples (Manodoro et 
al., 2014), while loss of imprinting at the PEG1/MEST locus also has been found in breast 
and lung cancer tissues (Kohda et al., 2001; Pedersen et al., 1999). Although the 
disturbance of several imprinted genes and loci has been identified in previous studies, 
genome-wide loss of imprinting in cancers has not been characterized fully to date. 
 Perturbation of imprinted gene expression also has been linked to chronic 
complex disorders. Higher expression of IGF2 attributable to a loss of IGF2 imprinting 
has been observed in rheumatoid arthritis patients (Martin-Trujillo et al., 2010), although 
whether this is a consequence or a cause of the immune response remains unclear. IGF2 
in peripheral blood is imprinted, indicating that IGF2 is expressed monoallelically in 
unstimulated immune cells. Interestingly, cultured T cells exposed to 
phytohemagglutinin, an immune cell stimulant, showed 10 to 20-fold increased 
proliferation and exhibited loss of IGF2 imprinting, which resulted in up to a six-fold 
increase in IGF2 expression compared to unstimulated T cells (Hofmann, Takeuchi, 
Frantzen, Hoelzer, & Koeffler, 2002). In addition to genomic imprinting, reactivation of 
silenced X-linked alleles in females has been hypothesized to explain the high prevalence 
of autoimmune disorders in women (Libert, Dejager, & Pinheiro, 2010). For example, 
demethylation of CD40L on the inactive X chromosome has been observed in T cells of 
females with systemic lupus erythematous, a female-predominant autoimmune disease 
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(Lu et al., 2007). 
 
4.4.3 Environmental effects 
 It is known well that environmental factors can influence gene expression through 
epigenetic modifications; for example, epigenetic ASEs, such as genomic imprinting, in 
which a particular allele is programmed to express or not, determine the dosage of gene 
expression. Thus, environmental factors could play a role in modulating ASEs. Bisphenol 
A (BPA) is a synthetic organic compound that is used widely in the production of 
plastics. BPA mimics estrogen properties and is an endocrine-disrupting agent. Increasing 
evidence has suggested that BPA has a wide range of effects on the brain and behavioral 
functions, including structural development of the brain, social behavior, anxiety and 
novelty (Wolstenholme, Rissman, & Connelly, 2011). Surprisingly, Bartolomei and 
colleague revealed that maternal BPA exposure during the early stages of embryonic 
development disrupted imprinting of several imprinted genes in placenta and embryos 
that are associated with changes in gene expression and alterations of DNA methylation 
in the differential methylated region of the imprinted loci (Susiarjo, Sasson, Mesaros, & 
Bartolomei, 2013). In addition to chemical compounds, diet, a well-studied 
environmental factor in gene expression, has been shown to regulate ASE. A methyl 
donor deficient diet can lead to the loss of Igf2 imprinting in the mouse during the 
postweaning period (Waterland, Lin, Smith, & Jirtle, 2006). A recent study showed that 
protein restriction in utero activated the silenced paternal copy of Cdkn1c, an imprinted 
gene normally expressed maternally, in the embryo that persisted into adulthood even 
after the regular diet was resumed (Van de Pette et al., 2017). Both studies also 
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demonstrated that the loss of imprinting was associated with dysregulation of epigenetic 
marks. Although additional environmental factors also have been proposed to affect 
genomic imprinting, most of the implications relied upon indirect evidence (the change of 
gene expression and DNA methylation; Kappil, Lambertini, & Chen, 2015). 
 
4.5 Potential mechanisms of scattered RME 
The regulatory mechanisms of known RMEs have been explored in different 
studies in which some working models have been proposed (See Introduction). 
Apparently, one major difference between known and scattered RME genes is genomic 
location. Known RME genes, such as olfactory receptors and protocadherin, are clustered 
in the genome, unlike scattered RME genes. This suggests that the monoallelic 
expression of scattered RME genes is not attributable to a single common cis-acting 
regulatory factor. In addition, the regulatory mechanism must fulfill two criteria: first, it 
must choose the allele expressed randomly, and second, only one allele can be expressed. 
Based on these principles, two potential regulatory models of scattered RME genes were 
proposed. The first (Figure 4.1) was adapted from the enhancer competition model 
underlying stochastic choice of olfactory receptors (Lomvardas et al., 2006; Savarese & 
Grosschedl, 2006). Each mouse olfactory neuron expresses stochastically only one of the 
1400 olfactory receptors (ORs) that cluster on different chromosomes. Lomvardas et al. 
found that H enhancer, located on chromosome 14, interacts with an OR gene either in 
cis (MOR28 on chromosome 14) or in trans (M50 on chromosome 7 or M71 on 
chromosome 9; Lomvardas et al., 2006). Thus, to be activated, ORs located on different 
chromosomes compete for a single enhancer. When one allele initiates a functional 
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expression, that expression produces negative feedback to prevent the activation of the H 
enhancer on the other allele. One known negative feedback mechanism is that translation 
of ORs triggers an unfolded protein response to downregulate LSD1, a histone 
demethylase; therefore, other silenced genes are not activated thereafter. Thus, these 
negative feedback mechanisms guarantee that only one allele can be expressed. This 
interchromosomal enhancer competition followed by negative feedback regulation may 
provide a potential mechanism for the way in which scattered RME genes express one 
allele randomly. 
The dissertation’s second hypothetical model is based on the dynamic RME 
model (Figure 4.2). Sandberg and colleague proposed that asynchrony of burst frequency 
and discrepancies in the rate of RNA degradation between two alleles lead to RME. 
Dynamic RME could account for the existence of monoallelic expression and the mixture 
of monoallelic and biallelic expressing cells in tissue samples. However, this model does 
not address the underlying epigenetic mechanisms of random transcriptional bursting. 
Here, a random enhancer binding is proposed that may explain this random bursting. In 
the hypothesized model, two genes compete randomly for one enhancer on each allele, 
which may lead to two different outcomes: monoallelic or biallelic expression. When one 
gene is activated on one allele and the other is activated on the other allele, both genes 
will show monoallelic expression. On the other hand, one gene will show biallelic 
expression and the other will be silenced when only one gene binds to the enhancer on 
both alleles. Thus, the change in bi/monoallelic expression may be determined by how 
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Figure 4.1 Enhancer competition model of RME. Several genes (A, B, C, D) compete for 
an enhancer in a cis or trans manner (Top). When one gene’s allele starts a functional 
expression, that expression produces negative feedback to block the activation of other 





































Figure 4.2 Random enhancer binding model of RME. Gene A shows biallelic expression 
and gene B is silenced when only gene A binds to the enhancer (E) on both alleles (Top 
left, the same mechanism for gene B at top right). When gene A is activated on one allele 
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